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a b s t r a c t

This manuscript presents a novel algorithm to automatically detect landslide movement in a forested area
using displacements of tree trunks distributed across the landslide surveyed repeatedly using terrestrial laser
scanning (TLS). Common landslide monitoring techniques include: inclinometers, global position system (GPS),
and interferometric synthetic aperture radar (InSAR). While these techniques provide valuable data for
monitoring landslides, they can be difficult to apply with adequate spatial or temporal resolution needed to
understand complex landslides, specifically in forested environments. Comparison of the center coordinates
(determined via least-squares fit of the TLS data) of a cross section of the tree trunk between consecutive
surveys enable quantification of landslide movement rates, which can be used to analyze patterns of landslide
displacement. The capabilities of this new methodology were tested through a case-study analyzing the
Johnson Creek Landslide, a complex, quick moving coastal landslide, which has proven difficult to monitor
using other techniques. A parametric analysis of fitting thresholds was also conducted to determine the
reliability of tree trunk displacements calculated and the number of features that were extracted. The optimal
parameters in selecting trees for movement analysis were found to be less than 1.5 cm for the RMS residuals of
the circle fit and less than 1.0 cm for the difference in the calculated tree radii between epochs.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Landslides are persistent natural hazards that result from down-
ward sliding of an earth mass. Landslides can be triggered by a variety
of factors such as precipitation, groundwater fluctuations, seismic
activity, erosion, and human activities which destabilize the slope
through geometric or loading changes (Fernandez Merodo et al.,
2004). They have both direct and indirect effects on people and the
environment. Large landslides can destroy or damage everything in
their path when a failure occurs (i.e., people, roads, houses). Further,
the immediate impact of a landslide is often overshadowed by the
aftermath. Landslides often damage or block roadways that are
necessary to link remote population centers, causing hardship for
everyone affected.

1.1. Landslide monitoring

Landslide movement is often determined be a wide variety of
monitoring techniques, including inclinometers, Global Positioning

System (GPS), Interferometric Synthetic Aperture Radar (InSAR), and
Light Detection and Ranging (LIDAR). These techniques each have
positive and negative attributions for landslide monitoring dependent
on landslide characteristics. This section will discuss these techniques,
with the exception of LIDAR, which will be addressed in more detail in
the following section.

Wieczorek and Snyder (2009) describe using inclinometers to
monitor movement at discrete locations on a landslide by placing a
hollow metal tube inside a drilled hole and periodically monitoring
the variation of the original inclination of the tube. Although inclin-
ometers provide subsurface detail of landslides, which other techni-
ques do not capture, they have poor spatial resolution. They can also
break when a landslide moves too quickly.

Permanently mounted GPS units have been used to monitor
surficial landslide movement by analyzing positional changes of the
GPS units compared to stable units in a GPS network. Wang (2011)
showed landslide movement could be determined by GPS within
2 mm horizontally and 6mm vertically with four hour observations
and an open view of the sky. However, the cost of permanently
mounting the survey-grade GPS units necessary for this detection is
too high to mount more than a few receivers on a single slide, limiting
spatial resolution and the number of landslides that can be monitored.
Often this is only suitable for landslides near high population areas.

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/cageo

Computers & Geosciences

http://dx.doi.org/10.1016/j.cageo.2014.02.007
0098-3004 & 2014 Elsevier Ltd. All rights reserved.

n Corresponding author.
E-mail addresses: jeremy.conner1@us.army.mil (J.C. Conner),

michael.olsen@oregonstate.edu (M.J. Olsen).

Computers & Geosciences 67 (2014) 31–39

www.sciencedirect.com/science/journal/00983004
www.elsevier.com/locate/cageo
http://dx.doi.org/10.1016/j.cageo.2014.02.007
http://dx.doi.org/10.1016/j.cageo.2014.02.007
http://dx.doi.org/10.1016/j.cageo.2014.02.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cageo.2014.02.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cageo.2014.02.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cageo.2014.02.007&domain=pdf
mailto:jeremy.conner1@us.army.mil
mailto:michael.olsen@oregonstate.edu
http://dx.doi.org/10.1016/j.cageo.2014.02.007


Interferometric Synthetic Aperture Radar (InSAR) determines
displacement from the phase change between radar images. Rosen
et al. (2000) describes how vegetation canopies affect InSAR
imaging by reporting a height of somewhere between the ground
and the top of the canopy and reduces correlation between images
because of volumetric scattering. Hence, it can be very difficult to
apply for landslide monitoring in heavily forested environments.
InSAR provides increased spatial coverage, but is limited in
temporal coverage by repeat passes.

1.2. LIDAR background

LIDAR is an active optical remote sensing technology that
measures the distances and angles to objects from a scanner to
create complete 3D models of XYZ coordinates, termed point
clouds. A laser pulse is emitted from the scanner, reflects off a
target, and returns to the scanner, providing the two way travel
time used to determine the distance from the scanner for each
target. Scanners are a line of sight technology: if the complete
laser pulse reflects from an object, no points are detected behind
the object, creating an occlusion (shadow). When only part of the
laser pulse reflects back from a small object, the remaining light
continues and multiple XYZ coordinates (returns) can be obtained
from one laser pulse (Renslow, 2012). Multiple returns enable
improved penetration of vegetation canopy compared to many
other techniques.

LIDAR has proven to be an effective tool for landslide analysis
ranging from detection and characterization of mass movement
and monitoring at the regional scale with airborne laser scan-
ning (ALS) to terrestrial laser scanning (TLS) providing site
specific details at improved resolutions (cm level) (Jaboyedoff
et al., 2012). TLS has been successfully implemented for geolo-
gical characterization and assessment of landslides (Collins and
Sittar, 2008; Collins and Stock, 2012; Dunning et al., 2010).

Laser scanners have also proven to be an effective way to monitor
coastal erosion and cliff collapses (Olsen et al., 2009; Rosser et al.,
2005; Young et al., 2009). Young et al. (2010) performed a compar-
ison between TLS and ALS for sea cliff erosion analysis and concluded
that ALS has superior coverage capturing the cliff-top and crest,
which is useful for detecting large or deep seated landslides but may
not detect surficial landslides, erosion hotspots, or detailed change
that can be picked up by a TLS. Monitoring areas of increased erosion
and detailed change is necessary to understand the landslides
occurring along the Oregon coast.

Several agencies have started using mobile (vehicle-based)
laser scanning (MLS) in aspects such as asset inventory (Olsen
et al., 2013a). For example, Lehtomaki et al. (2011) presents the
application of using segmentation to extract poles and tree trunks
from urban areas using MLS. Segmentation was used due to a
lower point density than TLS and noise, which allows for only part
of the cylindrical targets to appear. Although some trees were
detected that were uniformly spaced along the road, the tree
canopies were problematic. Hence, this approach is not suited for a
heavy forest environment.

1.3. Study area

The northern Oregon coastline extends south from the mouth
of the Columbia River to Florence. Landslides are a persistent
problem along the Oregon coast due to weak soils and high
concentration of erosional processes, resulting in slope failures
and coastal erosion. Erosion on the toe (base) of the sea cliff causes
destabilization and can result in the formation of notches or sea
caves. North and Byrne (1965) determined that land sliding is
active along 130 of the 240 km of coastline. Further, additional
landslides can be triggered by seismic sources, such as the

Cascadia Subduction Zone, which extends under the coast range
where the North American tectonic plate is overriding the Juan de
Fuca plate 60–120 km west of the coast (Mitchell et al., 1994).
Within Lincoln County, Oregon there are several translational
landslides moving through Tertiary (6–63 million years old)
sedimentary rocks with coastal bluffs 20–60 m high (Priest et al.,
2011). Priest and Allan (2004) describe these landslides from the
Miocene age as thick to thin-bedded, very fine to medium grained,
micaceous and carbonaceous arkosic sandstone and massive silty
sandstone and are common with single block failures exceeding
100 m in width.

One of the most widely researched landslides along the Oregon
coast is the Johnson Creek Landslide (JCL), located about 2 km south
of Otter Rock and 11 km north of Newport along Highway 101 (Priest
et al., 2006; Schulz and Ellis, 2007; Priest et al., 2011; Schulz et al.,
2012). JCL is a translational, seaward-dipping landslide displacing
through a coastal bluff consisting of Miocene siltstone and sandstone
overlain by Quaternary marine terrace deposits (Priest et al., 2011).
These investigations have found that the basal slide plane generally
runs parallel to the dip of the Miocene rocks; however, the slide
plane slopes inward toe block which tilts backwards. The primary
extents of the landslide measures approximately 360 m wide, 200 m
long (Schulz and Ellis, 2007).

Prior subsurface exploration of JCL has characterized and
monitored the landslide movement (Landslide Technology, 2004;
Priest et al., 2008; Schulz and Ellis, 2007). However, these efforts
have been met with difficulty. Erosion pins were initially intended
to monitor erosion, but too many pins were lost over the first
winter season, preventing accurate determination of the total
amount of erosion. Inclinometer casings were installed to measure
landslide movement, but movement was so excessive that it
prevented the inclinometer survey; therefore, manual extens-
ometers of wire rope were installed to obtain measurements of
movement. Landslide Technology (2004) and Priest et al. (2008)
performed slope stability analyses to evaluate the influence of
groundwater conditions, geotechnical parameters and toe erosion
on the amount of landslide movement. The slope stability analyses
determined the landslide is least stable in the southern portion of
the landslide and increases in stability moving northward.

Priest et al. (2008), Olsen et al. (2012), and Olsen (in Press) used
TLS to model the erosion of the bluff face as well as quantify
landslide movement. Olsen et al. (2012) estimate landslide move-
ment by manual extraction and comparison of features (houses,
trees and stairwells) along the crest of the coastal bluff face of the
landslide, concluding that areas of increased landslide movement
also experience more erosion. Hence, for improved understanding
and representation of the landslide movement, displacement
needs to be monitored throughout the entire landslide area
because of the variable movement.

1.4. Purpose

The aim of this research is to develop an automated algorithm
that determines landslide movement along an eroding coast in a
forested area using dense, time-series data acquired using terres-
trial laser scanning. Specifically, key objectives were to:

� Develop a consistent, systematic, monitoring technique using
existing (natural), durable features since artificial instrumenta-
tion is often destroyed from landslide movement.

� Map displacement across the slide so that one can identify
distinct landslide blocks and understand the complexities of
non-uniform landslide movement.

� Distinguish between erosion and landslide movement compo-
nents of change observed between repeat surveys.

� Evaluate the sensitivity of methodology to input parameters.

J.C. Conner, M.J. Olsen / Computers & Geosciences 67 (2014) 31–3932



2. Methodology

To demonstrate the feasibility of the proposed methodology,
the JCL, a highly active landslide, was selected as a test site. Trees
are rigid natural features that can withstand a significant amount
of movement. Cross sections of tree trunks are also nearly circular
in shape, enabling detection and extraction from a point cloud.
Tracking the changes in the center coordinates of the circle over
time provides a displacement vector. Multiple trees can then be
detected across the site to map the entire landslide and examine
variability in movement. An overview workflow for extracting
displacements is outlined in Fig. 1.

2.1. Field collection

Fig. 2 shows the locations from which scans were obtained and
methods used to obtain the coordinates for each survey. Control
points were setup using the Oregon Real-time GPS Network
(ORGN), providing RTK GPS. For the RTK-GPS determined posi-
tions, three, one-minute readings per setup were collected,
checked for consistency, and averaged. Scans conducted on the
beach were completed with the GPS mounted on top of the
scanner. On top of the sea cliff, vegetation and tree cover
prevented GPS acquisition from all scan positions, requiring the
use of a total station to tie into the control points. A Riegl VZ-400
scanner (nominal measurement accuracy of 5 mm, 1 standard
deviation, s) was used for all scans; a five minute 3601 scan with
angular resolution of 0.031 was collected from each scan position.
Each scan collected an average of 27.5 million points per scan
resulting in approximately 700 million points per survey.

Total station, a total positioning system that collect distances
and angles, measurements were used to establish coordinates for scan origin markers placed across the site on top of the bluff.

A Leica TPS 1200þ series total station was set up at two locations
to determine coordinates of each of the 15 scan positions (refer-
ence points) on top of the sea cliff. The total station data collected
was initially stored in a local coordinate system. The instrument
height was measured and recorded three independent times
varying by less than 0.1 cm, the average of the three readings
was used as instrument height. The scanner was setup on a tripod
over each reference point. The instrument height was measured
and recorded three independent times varying by less than 0.1 cm
with the average recorded as the instrument height. GPS control
coordinates were obtained from three locations with relatively
clear views of the sky near the boundary of the landslide area.
These three positions were also used as scan positions, as well as
to constrain the overall network, as shown in Fig. 2.

Geomorphological data were acquired along the beach to
monitor erosion magnitudes and patterns on the bluff face. The
scanner was mounted to a wagon to speed transport between scan
positions. The scans were conducted about 40 m from the cliff and
spaced 50 m from one another. Olsen et al. (2009) describes these
as the optimal zone for TLS of a dynamic coastal setting similar to
JCL area.

2.2. Geo-reference scans

In order to compare changes between surveys the data requires
geo-referencing into a common coordinate system. First, the three
RTK GPS control points located on top of the landslide in an area
with a clear view of the sky were used to transform the total
station points into a global coordinate system. The GPS data for the
April 2012 survey, varied by less than 1.5 cm for horizontal
observations and vertical observations varied up to 5 cm. For the
November 2012 survey, horizontal observations varied by less than
2 cm and vertical observations varied up to 5 cm. For both surveys,
the observations from each control point were averaged for the

6.Find trees in datasets
•Least-Squares Fit Circles to Points

on Individual Trees

1.Perform Surveys (Field Collection)
•Terrestrial laser scanning
•Total station & GPS control network  

3.If needed, divide the dataset into tiles 
for workability

2.Geo-reference Scans (Olsen et al. 2011a)
•Translation XYZ –GPS coordinates
•Rotation XY-Inclination sensor readings
•Rotation Z –manually estimated within 1o

•Automated least-squares refinement

5.    Extract slice of point cloud
above DTM

4.   Generate Digital Terrain Model (DTMs) for 
each tile and merge

7.   Compare tree locations between 
surveys to extract movement

Fig. 1. Workflow diagram for tree movement detection. Steps done automatically
are shown with small dashes and semi-automatic steps are shown with large
dashes.

Fig. 2. Test site layout showing GPS, total station, and scanner origins. (44.73772,
�124.05723). Base map photographs provided by ESRI.
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final GPS location. The total station network was adjusted to the
GPS points through a least-squares fit. For the April 2012 survey,
horizontal residuals were less than 0.6 cm and vertical residuals
were less than 5 cm. For the November 2012 survey, residuals
were less than 2.5 cm (horizontal) and 5 cm (vertical). The
adjusted points are the scan locations at ground level. In order
to offset the scanner height, the measured instrument height is
added to the adjusted points, resulting in coordinates for the
scanner origins.

PointReg, an automated program, inputs the scanner origin coor-
dinates (X, Y, and Z) obtained using the previously described techni-
ques, the roll and pitch from the inclination sensors of the scanner for
leveling information and an initial yaw estimate (obtained by manu-
ally rotating the scans about the Z-axis to within a few degrees) to
geo-reference all the scans (Olsen et al., 2009, 2011a). The algorithm
performs a least-squares adjustment to determine the optimal yaw
angles of all scans. The yaw angle for each scan position is determined
by comparison each scan with multiple neighboring scans, which
minimizes error propagation throughout the scans.

2.3. Create tiles

Once the scans are geo-referenced, the “Tile Creator” divides
the scan data into tiles if there are too many points in the entire
dataset to create a DTM of the whole test site at one time due to
memory constraints. It first calculates the extents of the area to
filter by using the coordinates for each scan origin, buffered by a
predetermined scanner range distance, rf, to which the scans will
be filtered. For the JCL site, the filtered area was evenly divided
into segments along the Y direction into tiles of equal area. Each
data point is read in one by one and written out to the file
associated with the specific tile. If a point is outside the filtered
area it is no longer used. For this case study, three tiles were used
with a scanner range distance of 100 m.

2.4. Create digital terrain model

A digital terrain model (DTM) is then created for the data within
each tile. The terrain model was created by using a statistical filtering
algorithm called Bin ‘N’ Grid. Olsen (2011b) provides details about how
the algorithm works and its capabilities to filter out vegetation to
obtain the ground surface. By gridding the data in large cells of 2 m by
2m, and finding the minimum elevation in each grid to represent the
ground surface, most of the landslide area is represented as the
ground surface without vegetation. (Note that this filtering process
works very well for airborne laser scans, but can have problems for
small cell sizes (o10 cm) using terrestrial laser scans in dense forests
due to the variability in point density and look angle.) The surface
models created for each tile are then merged together to form a
continuous DTM of the entire landslide area. A highly detailed DTM is
not required for the horizontal displacement evaluated in this study,
but could provide vertical displacement information for the landslide.

2.5. Extract slice above surface

The “Slice” extracts a thin slice of point cloud data at a specific
height, h, above the DTM (Fig. 3). The purpose of extracting a slice
of data is to isolate individual trees and minimize the noise (points
not actually on the tree trunks). Hence, the slice ideally should be
taken above shrubs and other short vegetation on the ground, but
also below the canopy. However, to minimize rotational effects
and wind-induced displacements, the slice needs to be as close to
the ground as possible. The points are filtered to satisfy the
following criteria.

h�Δhoðhi ¼ zi�zDTMÞohþΔh ð1:1Þ

where h¼height above DTM¼2.5 m for this study, Δh¼0.5� slice
thickness¼0.05 m for this study, hi¼height of point i, zi¼elevation
of point i, and zDTM¼elevation on DTM at point i.

2.6. Fit circles to trees

The “Trees” function searches through the “Slice” data to locate
and fit circles to trees. It first reads in the “Slice” data and
determines the extents of the dataset, which is then used to
generate a hash table (organizational structure to enable efficient
searching) based each point's location within a grid. Initially, the
grid is set up using the minimum and maximum values of the X
and Y coordinates as the extents of the grid. The cell size, Δ, within
the grid is equal to the typical tree radius, rtyp. After the grid is
established, each point from the dataset is indexed into the
appropriate grid cell. “Trees” systematically searches through the
data in sets of nine grid cells, a center cell and all of its closest
neighbors (Fig. 4). The algorithm starts in the lower left corner of
the grid and moves through each row in the column. Upon
reaching the top, it proceeds with the column to the right. Within
each set of nine grid cells the numbers of points are determined.
When there are more than Nmin points (70 for this dataset), 2D
circles (ignoring Z values because the slice is thin) are created
through the points using a least-squares fit to all the data points.

The initial circle is determined in a local coordinate system
(u, v) by subtracting the averages, _x and _y, from x and y for each
point. The center of circle (uc, vc) is determined by minimizing
the summation of residuals, S, in Eq. (1.2) (Bullock, 2006).
The residuals are determined by taking partial derivatives with
respect to S and setting it equal to zero, resulting in the best fit
circle using Eq. (1.3). Then, in the original coordinate system the
center of the circle (Xc, Yc)¼(uc, vc)þ(_x, _y).

S¼∑iððui�ucÞ2þðvi�vcÞ2�r2Þ2 ð1:2Þ

Suu Suv
Suv Svv

 !
uc

vc

 !
¼

0:5ðSuuuþSuvvÞ
0:5ðSvvvþSvuuÞ

 !
ð1:3Þ

where:

Suu ¼∑
i
u2
i ; Suv ¼∑

i
uivi; Svv ¼∑

i
v2i

Fig. 3. Example tree in the dataset illustrating the slice taken within the dashed
rectangle.
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Suuu ¼∑
i
u3
i ; Svvv ¼∑

i
v3i ; Suvv ¼∑

i
uivivi; Svuu ¼∑

i
viuiui

The X and Y coordinates for the center of the circle (Xc, Yc) and
the radius, r, are then calculated as the parameters of the best fit
circle. The root mean square error (RMS) of the input points to the
circle fit can be calculated. Each point is examined individually and
if the point is not within r72�RMS, it is marked as an outlier for
the next iteration. The fitting process is then reiterated until the
RMS of the fit is deemed acceptable by a user defined threshold
(1.5 cm recommended for this study) and outliers are removed.
The final circle is then only used if (Xc, Yc) are located within the
center grid cell to avoid redundancy and ensure an optimal fit.

2.7. Compare tree locations between surveys

Following fitting circles to the tree trunk cross-section, the
estimated displacement of the trees is measured by comparing the
center of the circles between two surveys. The tree locations and
radii for all the trees in both surveys are read by the “movement”
program. “Movement” looks at each tree from the first survey and
finds the closest tree to it from the second survey, within the same
grid cell or its nearest neighbor grid cell. The radii of the two trees
are compared (Δr) to ensure the two trees are reasonably the same
tree, 71–5 cm, depending on user preference. After it is deter-
mined the two trees are likely the same tree, the horizontal
displacement, δ, is determined with directional components: δX
and δy, and total horizontal displacement, δXY. A file containing the
Xc, Yc, Zc, r, Nmin (the number of points used for the circle fit), and
the RMS fit for each circle fit as well as δX, δy, and δXY is written.

2.8. Assumptions and limitations

While this algorithm can detect the movement of the tree
trunks, there are several assumptions and limitations to consider:

� the tree trunks can be modeled as circles with minimal error
(RMSo1.5 cm). In many cases, trees do not grow completely
vertical, so if a large cross-section is used, an ellipse may be
required;

� the tree's best fit circle occurs when its coordinates are located
in the center grid, rather than a neighbor grid;

� trees are spaced, s, farther apart than at least 1.5 times the
typical tree diameter, d. In other words, trees are not too close
together;

� the displacement, δ, is less than cell size, Δ. This requires good
temporal resolution to trace the paths of trees; with significant
time, movement may exceed the cell size, Δ; and

� the landslide is only monitored at the surface; no subsurface
information is obtained. Further, if there is a significant rotation
component to the landslide, the technique may overestimate

landslide translational displacement if circles are not extracted
close to the ground.

3. Results and discussion

3.1. Landslide movement across slide

The algorithm was applied to JCL to test its effectiveness in
determining landslide movement, including distinguishing vari-
able movement across the slide. To estimate the amount of
landslide movement taking place, coordinates for the center of
the trees were compared between consecutive surveys. Negative
δx values indicate movement to the west and positive values
indicate movement east. Positive δy values indicate movement
north and negative values indicate movement south.

Fig. 5 shows the landslide movement between April 2012 and May
2013 surveys. The majority of the trees show movement between
6 and 14 cm. The area with the greatest amount of movement is
located on the western side of the landslide near the bluff face. Trees
were defined with expected results when: �0.14oδx (m)o0,
�0.1oδy (m)o0, and 0.15rδxy (m). For the 39 trees detected at
h¼2.5 m, RMSr1.5 cm andΔrr1 cm, 80% of the trees have expected
results. These trees provide the capability to monitor more locations
than are typically monitored through traditional methods for this site,
enabling quantification across more of the landslide area. For example,
Fig. 5 shows a block next to the sea cliff that is advancing at a faster
rate than the rest of the landslide.

3.2. Erosion on bluff face

Figs. 6 and 7 show the results of a change analysis of a triangulated
surface model (created using the surfacing method described in Olsen
et al., 2013b) of the bluff face for November 2012 and May 2013
surfaces respectively, with differences up to 50 cm. For this analysis,
the April 2012 model was used as the base survey when compared to
the November 2012 and May 2013 surveys. The negative numbers are

X

Fig. 4. Example grid of dataset with the red (dark shaded) grid cell is the center
grid and the orange (shaded) grid cells are the closest neighbors. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. Landslide total displacement, δxy. Base map photographs provided by ESRI.
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shown in orange and represent a retreat from the ocean due to erosion
exceeding landslide movement. Positive numbers are shown in blue
and represent advancement toward the ocean (landslide movement

and accretion exceeds erosion) and green represents values exceeding
the 50 cm threshold. In general, the upper slopes of the bluff face have
retreated from subaerial mechanisms (e.g. precipitation). The

Fig. 6. Change analysis between laser scan surveys showing advance (landslide movement, accretion) and retreat (erosion) of the cliff face between April 2012 and
November 2012. (See Fig. 2 for location of each sub-section).

Fig. 7. Change analysis between laser scan surveys showing advance (landslide movement, accretion in blue) and retreat (erosion in orange) of the cliff face between April
2012 and May 2013. (See Fig. 2 for location of each sub-section).
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advancement at the base of the cliff is buildup of talus deposits from
the eroded material above.

3.3. Validation

Surveys conducted in April 2012 and November 2012 were
used for all validation. For the surveys conducted at JCL, the
uncertainty of the tree movement determined by this new
technique was evaluated by comparing the movement at 10 points
using traditional surveying techniques, based on the same RTK
control, to the movement of the closest valid tree (Table 3-1). Five
additional points were initially set, but destroyed between surveys
(from road re-surfacing), preventing comparison. The results show
that the average differences in the amount of movement calcu-
lated for δX, δy, and δXY are 1.7, 1.8 and 1.4 cm with a standard
deviation of 71.5, 1.3, and 1.2 cm respectively. These fall within
the anticipated error budget of the total station network tied to
RTK GPS control points. The largest error is in the GPS control
points, followed by the total station network. The next largest
source of error is in the process of fitting circles to a cross-section
of data to represent tree trunks.

3.4. Parametric analysis

Selecting the appropriate height above the DTM, h, to take a
slice of data, t, and an acceptable RMS value for the circle fit is a
balance between pairing enough trees and rejecting false tree
pairings and poor circle fits. The height above the DTM for the slice
is highly dependent on the type and variability of vegetation in the
forested area and canopy of the trees. Fig. 8 shows the relationship
between the number of trees detected, M, circle fit RMS for the
trees, and the reliability of the trees for various Δr curves and with
different h values. Reliability was determined by dividing the
number of trees with expected results by the total number of
trees. As the acceptable RMS value increases, more trees are paired
together, but the reliability of the trees decrease. When a slice of
data is taken within the vegetation (h¼2.0 m) fewer trees are
paired at low RMS values. As the RMS value increases, the
reliability of the trees rapidly decreases. With high h values
(6.0 m), when the slice is in the canopy of the trees, the reliability
of the trees is about 5% lower than a slice taken between the
vegetation and the canopy (h¼2.5 m or 4 m). For all cases above
the vegetation the number of trees identified increases signifi-
cantly when using a RMS threshold value between 0.5 and 1.0 cm.
After a RMS value of 1.5 cm, the number of trees starts to level off
and few additional trees are found. The Δr parameter produces the

largest increase in the number of trees when increased from
0.5 cm to 1.0 cm, with the lowest impact on reliability. Optimal
use, providing the most trees with the highest level of reliability, is
where both curves start to level off, which is at a RMS value of
1.5 cm and a Δr value of 1.0 cm. Using the optimal parameters
provides more monitoring locations (reliable trees) than typically
obtained using current methods for all h values.

3.5. Time analyses

The time this methodology takes to determine movement for a
landslide will vary based on the number of trees and the size of
the datasets. However, for this case study (�700 million data
points per survey), using an Intel(R) Xeon(R) quad-core CPU with a
64-bit operating system, 24 GB RAM and solid state hard drives, it
took about 20 min to tile the data. Generating the DTM for the test
site took about 15 min and extracting a slice from both datasets
took about 15 min. Finding trees took less than 10 min and
comparing the location of the trees took less than a minute.
Overall, after the data was processed this methodology shows
landslide displacement results in about one hour, which is mostly
computer processing time for the algorithm rather than user input.

4. Conclusion

By using natural features such as trees to monitor landslide
movement, TLS surveys can efficiently model landslide displace-
ments across the entire landslide area. The method detailed in this
paper demonstrates TLS surveys of natural features in a forested
environment can quantify landslide displacement, consistent with
traditional survey devices. In particular, the methodology enables
displacements to be accurately and reliably detected in areas of
heavy vegetation, which can be difficult, if not impossible, to
obtain with other techniques.

The JCL shows displacements of 6–14 cm throughout most of
the landslide area, which are very similar results to the displace-
ment determined by a conventional total station. Further research
should be conducted to analyze the mechanics of JCL to evaluate
the separate blocks observed in Fig. 5. Now that a baseline for the
entire JCL has been established, future TLS can be used to evaluate
the seasonal effects and longer term movement rates of this
landslide. From this case study, it was noted that it is also
important to collect data outside the extents of the test site to
validate the methodology and determine the impacts the landslide
movement has on surrounding landmass.

Table 3-1
Compared displacement of total station and GPS network to closest tree.

Conventional survey Closest tree Absolute difference Distance from tree (m)

Point δx (m) δy (m) δxy (m) δx (m) δy (m) δxy (m) δx (m) δy (m) δxy (m)

14 �0.067 �0.036 0.076 �0.082 �0.028 0.087 0.015 0.008 0.011 16
15 �0.056 �0.042 0.070 �0.053 �0.025 0.059 0.003 0.017 0.011 9
16 �0.081 �0.036 0.089 �0.083 �0.039 0.092 0.002 0.003 0.004 12
18 �0.082 �0.050 0.096 �0.045 �0.039 0.060 0.037 0.011 0.036 7
19 �0.107 �0.038 0.114 �0.091 �0.053 0.105 0.016 0.015 0.009 10
20 �0.129 �0.034 0.133 �0.135 �0.034 0.139 0.006 0.000 0.006 3
22 �0.082 �0.037 0.090 �0.085 �0.007 0.085 0.003 0.030 0.005 11
23 �0.082 �0.021 0.085 �0.118 �0.025 0.121 0.036 0.005 0.036 7
24 �0.105 �0.024 0.108 �0.105 �0.039 0.112 0.000 0.015 0.004 16
25 �0.122 �0.059 0.135 �0.146 �0.015 0.147 0.024 0.044 0.012 3

Max 0.037 0.044 0.036
Min 0.000 0.000 0.004
Average 0.017 0.018 0.014
Std dev 0.015 0.013 0.012
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Fig. 8. (a) Number of trees detected at 2.0 m above DTM based on circle fit RMS for various Δr curves. (b) Reliability of trees detected at 2.0 m above DTM based on circle fit
RMS for various Δr curves. (c) Number of trees detected at 2.5 m above DTM based on circle fit RMS for various Δr curves. (d) Reliability of trees detected at 2.5 m above DTM
based on circle fit RMS for various Δr curves. (e) Number of trees detected at 4.0 m above DTM based on circle fit RMS for various Δr curves. (f) Reliability of trees detected at
4.0 m above DTM based on circle fit RMS for various Δr curves. (g) Number of trees detected at 6.0 m above DTM based on circle fit RMS for various Δr curves. (h) Reliability
of trees detected at 6.0 m above DTM based on circle fit RMS for various Δr curves.
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It has not only been shown that landslide movement can be
detected using tree trunks, but that the quality of the modeled
displacement depends on the RMS of the circle fit and the
difference in the radii of trees between surveys. Understanding
how these parameters affect the quality of the tree paring will
allow researchers to accurately model landslide movement in
forested environments where GPS and other traditional devises
are unsuccessful or unfeasible. Although the optimal parameters
for JCL are a RMS value less than 1.5 cm and radii difference less
than 1.0 cm, this will change based on each forested area. There-
fore, it is recommended users implement a similar analysis to
determine their optimal parameters for their study area.

While this is a short term study, this research paves the way for
additional work in understanding long term trends using the
automated, systematic methodology presented herein. Surveys
completed with short time intervals will enable researchers to
monitor the displacement of individual trees over long periods of
time to gain an improved understanding of the mechanics of an
entire landslide. Finally, the methodology proposed is most
appropriate for translational landslides rather than rotational
landslides or those with significant vertical deformation. However,
extracting two slices at different heights may assist in determining
if there is a large rotational component to the landslide.
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